Summary. Antigenic relationships among type-1 fimbriae of 40 strains of Enterobacteriaceae representing 19 species and seven genera were determined by immunoelectronmicroscopy. Ten distinct antigenic groups were distinguished. Intra-and inter-generic relationships were observed although some antigenic groups were species-specific only. Antigenic relationships among type-1 fimbriae are more complex than have been reported hitherto.
Introduction
Type-1 fimbriae are of common occurrence in the family Enterobacteriaceae (Duguid and Old, 1980) , including the newly described species and genera of the tribe Klebsielleae (Adegbola, 1983) . All type-1 fimbriae are similar morphologically and in adhesive properties, as suggested by their mannose-sensitive haemagglutination of certain erythrocyte species (Duguid and Gillies, 1957; Duguid, 1959; Duguid et al., 1966; Salit and Gotschlich, 1977) .
Type-1 fimbriae are antigenic (Gillies and Duguid, 1958) and share serological relationships with non-haemagglutinating type-2 fimbriae of salmonellae (Old and Payne, 1971) but not with the type-3 fimbriae of Klebsiella (Nowotarska and Mulczyk, 1977; Adegbola, 1983; Korhonen et al., 1983; Old et al., 1985) . Agglutination tests have been used to demonstrate sharing of type-1 fimbrial antigens among: (i) Escherichia, Shigella and, to a lesser extent, Klebsiella (Gillies and Duguid, 1958) ; (ii) Citrobacter and Salmonella (Duguid and Campbell, 1969) . There was, however, no sharing of type-1 fimbrial antigens between salmonellae on the one hand and Escherichia coli and Shigella JIexneri on the other (Duguid and Campbell, 1969) . Less is known, however, about the antigens of type-1 fimbriae on other strains of Enterobacteriaceae (Duguid, 1985) .
Recent studies have revealed that multiple fimbriation is a common phenomenon among enterobacteria (Duguid and Old, 1980; Adegbola and Old, 1982; Old and Adegbola, 1982; . Thus, previous serological reports based on agglutination tests should be interpreted withcaution because agglutination tests are unlikely to be adequate for satisfactory antigenic characterisation of the different types of fimbriae that might be formed by a single bacterial strain.
In the present study, we used immuno-electronmicroscopy (IEM), in which type-1 fimbriae were specifically labelled by attachment of type-1 fimbrial antibody, to assess the degree of relatedness among type-1 fimbriae present on strains from 19 species of Enterobacteriaceae.
Materials and methods

Bacteria
We examined 40 strains of 19 species of Enterobacteriaceae, six of which were also used as vaccine strains. All strains were identified by API-20E tests; in some cases, conventional tests such as carbon-source utilisation and growth in metahydroxybenzoate (Richard, 1977) were used to identify strains to species rank. Strains were stored at 4°C on slants of nutrient agar or Dorset's egg medium until subcultured for testing. Their sources, biotypes and haemagglutination status with corresponding fimbriae are detailed ( t The haemagglutinins were of the kinds described by Duguid and Old (1980) as : MS = mannosesensitive; MR/K = mannose-resistant and klebsiella-like ; MR/P = mannose-resistant and proteus-like. $,The production of MS-HA by Proteeae has still to be definitively associated with the presence of thick, type 1-like fimbriae found on many strains; accordingly, these fimbriae have not been designated as type-1 (see Old and Adegbola, 1982) .
Haemagglutination tests
Each bacterial culture was shown to be in the fimbriate state by haemagglutination tests with different species of erythrocytes in the absence and presence of D-mannose. Adequate preparation of erythrocyte suspensions and careful performance of haemagglutination tests are essential for full characterisation of the haemagglutinating properties of the strains. These and the characterisation of the mannose-sensitive haemagglutinin (MS-HA), the mannose-resistant and klebsiella-like haemagglutinin (MR/K-HA) and the mannose-resistant and proteus-like haemagglutinin (MR/P-HA) have been fully described elsewhere 1983; Old and Adegbola, 1982; Old, 1985) .
Preparation of type-ljmbrial antiserum
Antisera were raised in adult rabbits as described by Adegbola and Old (1982) . 0 and, where necessary, H antibodies were removed from crude antiserum by the methods of Old and Adegbola (1 985) . By these procedures antisera specific for type-1 fimbriae were prepared against fimbriate cultures of: S. paratyphi B strain S543; K. pneumoniae ss. aerogenes strain K55/l; and Enterobacter cloacae strain 035, each of which formed MS-HA and type-I fimbriae only. The vaccine strains Serratia marcescens NCTC 2302 and Ser. odorifera PHG 4013 formed, in addition to type-I fimbriae, type-3 fimbriae and MR/ K-HA (table I) . Their type-3 fimbriae are antigenically related to those of Ser. plymuthica strains which form type-3 fimbriae only . To obtain specific type-I fimbrial antisera against these latter two vaccine strains, type-3 fimbrial antibodies were removed by repeated absorptions at 37°C for 1 h with dense bacterial suspensions of type-3 fimbriae-rich cultures of Ser. plymuthica that had been grown in large volumes of nutrient broth at 30°C for 48 h and washed twice, and resuspended to c. 5 x 10" bacteria/ml, in saline. Absorptions were continued until 1 in 10 and 1 in 20 dilutions of these latter antisera did not agglutinate type-3 fimbriate cultures of Ser. plymuthica or coat the type-3 fimbriae of these two vaccine strains as seen with the electronmicroscope.
Multiple fimbriation is a common phenomenon among strains of Morganella, Proteus and Prouidencia (Adegbola, 198 1 ; Old and Scott, 198 1 ; Old and Adegbola, 1982) . However, "thick" and channelled fimbriae, morphologically similar to type-I fimbriae but associated instead with a weak mannose-resistant agglutination of fGwl and guinea-pig erythrocytes, were the only type of fimbriae produced by Prou. stuarti strain NCTC 10834 . Fimbrial antiserum against these "thick" fimbriae of Prouidencia strains coated the "thick", channelled fimbriae of MS-HA + strains of Prou. stuarti (Adegbola, 1981) ; antiserum against Prou. stuarti strain 10834 was included in this study.
Electronmicroscopy
The technique has been described before Old and Adegbola, 1982) . Most bacterial cultures were negatively stained for 1 min with uranyl acetate (pH 4.6) 0.3% w/v . Some kinds of fimbriae of strains of Proteus and Prouidencia are acid-labile (Adegbola, 1981 ; Old and Adegbola, 1982) . Accordingly, methylamine tungstate (PH 6.5) (a commercial preparation from EMscope Laboratories Ltd, Ashford, Kent) was used for negative staining of cultures of these latter genera. The electronmicroscope was a Jeol lOOCX model; micrographs of fimbriae, uncoated or coated with fimbrial antibody, were taken as described previously Old and Adegbola, 1982) .
Immuno-electronmicroscopy
Fimbriate cultures were also negatively stained, as described by Adegbola and Old (1982) , after treatment with fimbrial antiserum. Degrees of antibody coating of type-1 fimbriae were estimated with the electronmicroscope and scored on an arbitrary scale from 0 (no coating) to + + + (maximum coating) as described elsewhere . Grids with bacteria alone or bacteria treated with pre-immunisation sera were included as controls.
Results
Haemagglu t inins and Jim br iae
Twenty-three of the 40 strains examined formed MS-HA only; 16 other strains formed MS-HA as well as MR/K-HA or MR/P-HA or both (table 11) . Prov. stuarti strain NCTC 10834 was the only one of the 40 strains that did not form MS-HA. All MS-HA+ strains had formed MS-HA, demonstrable in tests with red cells of fowl or guinea pig, by the third or fourth serial subculture in any series. However, the MS-HAS of strains of Proteus and Providencia were best demonstrated at the first or second subculture in any series because thereafter the simultaneous production of MR/P-HA masked the presence of MS-HA (see Old and Adegbola, 1982) .
All MS-HA + strains formed thick (c. 8 nm wide), channelled fimbriae observed with the electronmicroscope. Prov. stuarti strain NCTC 10834, though MS-HA-, also formed thick, channelled fimbriae morphologically indistinguishable from the type-1 fimbriae produced by MS-HA' strains.
Immuno-electronmicroscopy
Haemagglutinating bacteria of the 39 strains which formed MS-HA and were rich in type-1, or R. A. ADEGBOLA AND D. C. OLD other thick type 1-like, fimbriae were tested by IEM with each of the five type-1 fimbrial antisera (table  11) and with the fimbrial antiserum specific for the thick (non-MS-HA) fimbriae of Prov. stuarti strain NCTC 10834. Several broad areas of serological relatedness were observed.
(i) Type-1 fimbrial antiserum against S. paratyphi B strain S543 strongly coated the type-1 fimbriae of all serotypes of Salmonella tested and of two strains of C. freundi (table 11) . Moreover, this fimbrial antiserum had strongly coated the type-1 fimbriae of many other serotypes of Salmonella and those of another ten strains of Citrobacter in another study (results not shown). The type-1, and other kinds of thick, fimbriae present on the other 29 MS-HA+ strains of Enterobacteriaceae examined in this study were not coated by this antiserum (table 11) .
(ii) Type-1 fimbrial antiserum against K . pneumoniae ss. aerogenes strain K%/l strongly coated the type-1 fimbriae on bacteria from MS-HA+ cultures of homologous and heterologous strains of that subspecies (results for only two strains shown; table 11). It also strongly coated the type-1 fimbriae of strains of K . pneumoniae ss. pneumoniae and two of the four strains of C. freundi, and the thick fimbriae on bacteria from multiply haemagglutinating cultures of Ent. aerogenes (table 11) . Furthermore, this type-1 fimbrial antiserum had also coated the type-1 fimbriae of strains of four other species of Klebsiella (Old and Adegbola, 1984 (table  11) .
(iv) The two type-1 fimbrial antisera against strains of Serratia gave different reactions. Thus, the antiserum against Ser. odorifera strain PHG 40 1 3 coated the type-1 fimbriae of that species only. The type-1 fimbrial antiserum of Ser. marcescens strain NCTC 2302, on the other hand, coated the type-1 fimbriae of strains of Ser. marcescens and Ser. proteamaculans but not those of Ser. odorqera (table 11) . This antiserum had also coated the type-1 fimbriae of four other species of Serratia strongly and those of Ser. rubidaea moderately (results not shown; Adegbola, 1983) . Neither of the type-1 fimbrial antisera against serratiae coated the thick fimbriae of any other genus tested (table 11) .
(v) Antiserum against the thick (non-MS-HA) fimbriae of Prov. stuarti strain NCTC 10834 strongly coated the thick fimbriae of homologous and heterologous strains of that species only (table  11) .
(vi) The thick (type-1 or other) fimbriae of MS-HA+ strains of Ent. intermedium. P . vulgaris, Prov. alcalifaciens and Prov. rettgeri were unreactive in IEM tests with any of the six fimbriate antisera examined (table 11).
Discussion
Our previous experience has shown that the technique of IEM was invaluable in distinguishing different kinds of fimbriae formed by multifimbriated strains of several species of Enterobacter, Klebsiella and Serratia 1983; Old and Adegbola, 1983 and 1984; . Moreover, our success with the application of the technique of IEM that led to the establishment of nine antigenic groups among type-3 fimbriae of Enterobacteriaceae has encouraged us to employ the same technique for the determination of antigenic relationships among type-1 fimbriae. Our results showed some significant differences from those of earlier reports and it was of interest to find, for example, that the type-1 fimbriae of Citrobacter were not antigenically homogeneous as had been reported previously (Duguid and Campbell, 1969 ; Nowotarska and Mulczyk, 1977) . Thus, whereas strains of Salmonella of different sub-genera and most strains of C. freundi examined in this and other studies (Adegbola, 1983) formed antigenically related type-1 fimbriae, two strains of Citrobacter were shown consistently to have type-1 fimbriae antigenically related to those of Klebsiella. Did this reflect the divergence in polynucleotide sequences of some members of Citrobacter from other members of the tribe Salmonelleae as revealed by Crosa et al. (1973) or was there a simpler explanation? Though the two strains in question, strains NCTC 6071 and NCTC 9737, were received originally, and are still listed, as C. freundi, that identification is now in doubt (Public Health Laboratory Service, 1983). Thus, strain NCTC 6071 behaves like C. amalonaticus, a species significantly different by DNA-DNA reassociation from the other two named species C. freundi and C. koseri (syn. C. diversus) (Crosa et al., 1974) . This apparently indicates, therefore, yet another example of antigenic diversity among the type-1 fimbriae of different species within a genus. Further studies, however, are needed for a more detailed analysis of the type-1 fimbriae of Citrobacter strains especially those of C. amalonaticus and C . koseri, the latter species not having been examined by us. Strain NCTC 9737 (Public Health Laboratory Service, 1983 ) is probably a species of Kluyvera, a new (i.e,, recently redefined) genus of Enterobacteriaceae (Farmer et al., 1981) . As jzdged by DNA-DNA reassociation, the closest relatives of Kluyvera were species of Klebsiella, Enterobacter and Citrobacter (Farmer et al., 198 1) . Hence, it was of interest to find that the type-1 fimbriae of this strain of Kluyvera were antigenically like those of Klebsiella and the one strain of C. arnalonaticus examined rather than like those of Enterobacter and C. freundi. Further information about the haemagglutinins and fimbriae of the three species of Kluyvera (Farmer et al., 1985) is clearly needed.
The type-1 fimbriae of different species of Klebsiella were antigenically similar and related to those of Ent. aerogenes, a further indication that Ent. aerogenes is probably more related to Klebsiella than to other species of Enterobacter. However, the thick fimbriae of Ent. aerogenes are probably not classical type-1 fimbriae because they are not principally associated with MS-HA activity in that species . Moreover, Ent. aerogenes is itself heterogeneous as evidenced by reports from taxonomic studies (Bascomb et al., 197 1 ; Brenner et al., 1972) .
Of the other currently recognised species of Enterobacter only three-Ent. amnigenus, Ent. cloacae and Ent. sakazaki-produced antigenically related type-1 fimbriae. Those formed by Ent. intermedium were antigenically distinct and the strains of Ent. gergoviae and Ent. agglomerans previously examined were type-1 non-fimbriate. The newly described species-Ent. taylorae, Ent. asburiae, Ent. nimipressuralis and Ent. dissolvens (Farmer et al., 1985; 1986hhave not yet been examined by us. These observations were not surprising in that similar antigenic heterogeneity has been demonstrated among the type-3, and other kinds of thin, fimbriae of species of Enterobacter Old and Adegbola, 1985) .
Among the type-1 fimbriate species of Serratia, the type-1 fimbriae of Ser. odorifera formed a distinct group and those of Ser. rubidaea, whilst showing some antigenic sharing, were less related to the other type-1 fimbriate species of Serratia. The exact taxonomic relationship of these latter two species to other serratiae requires further clarification.
The MS-HA-associated fimbriae of Proteus and Providencia were not related to each other or to those of other Enterobacteriaceae. Indeed, they seemed to be species-specific rather than, as described by Nowotarska and Mulczyk (1 977), genus-specific. The recent report of Old and Adegbola (1985) has also demonstrated that the type-3 fimbriae of the different species of Proteeae are species-specific.
Previous studies (Duguid and Campbell, 1969; Nowotarska and Mulczyk, 1977) have reported antigenic relationships among the type-1 fimbriae of Escherichia, Shigella and Klebsiella. Although strains of Escherichia and Shigella were not tested by us, a recent study with an E. coli-derivedfimgene probe for detection of frequency of the DNA sequences encoding type-1 fimbriation among Enterobacteriaceae (Buchanan et al., 1985) reported that only E. coli and shigellae exhibited any degree of homology. Furthermore, that study revealed that type-1 fimbrial gene sequences were present in strains of Sh. dysenteriae and Sh. boydi, serotypes not generally reported as producing either MS-HA or type-1 fimbriae (Gillies and Duguid, 1958; Duguid and Old, 1980) . Thus, these sequences are presumably either not expressed or are themselves insufficient for production of functional fimbriae. Equally intriguing is the demonstration that some isolates of E. coli produced three kinds of type-1 or type 1-like fimbriae (IA, 1B and 1C) with highly homologous N-terminal sequences (Klemm et al., 1982) . However, whereas type-1 A fimbriae conferred MS-HA properties and adhered to substrates, such as urinary mucus, as described for type-1 fimbriae, types 1B and 1C were either nonhaemagglutinating or adhered to distinct substrates or both (Orskov and Orskov, 1983 ; Klemm, 1985) . Thus, even one strain of one species may produce a complexity of adhesins and fimbriae so that the picture is likely to be more complex than previously described.
Our strains were chosen for this IEM study either because they produced MS-HA and associated type-1 fimbriae alone or in simple combination with other fimbriae such as type-3 fimbriae or other haemagglutinins such as MR/P-HA. We do not know whether species of Enterobacteriaceae other than E. coli also produce several kinds of type 1-like fimbriae with different substrate affinities; if they do, the present IEM technique is unlikely to be sufficiently sensitive to detect them.
Type-1 fimbriae have been described as the "common" fimbriae because of their wide distribution among the species and genera of Enterobacteriaceae. Previous reports on antigenic relationships among type-1 fimbriae of Enterobacteriaceae were based essentially on findings from agglutination tests (Gillies and Duguid, 1958 ; Duguid and Campbell, 1969 ; Nowotarska and Mulczyk, 1977) . Although agglutination studies were acceptable for cultures forming only one kind of fimbriae, a more sensitive technique was required for cultures that are multiply fimbriate, a common phenomenon among Enterobacteriaceae (Duguid and Old, 1980; Adegbola, 1981; Old and Scott, 1981 ; Adegbola and Old, 1982; Old and Adegbola, 1982; Orskov and Orskov, 1983; . It is significant, therefore, that with the more sensitive technique of IEM we have observed antigenic relationships more complex than those previously described for the type-1 fimbriae of Enterobacteriaceae. The importance of this observation on serological identification, sero-diagnosis and immunological preparations involving different enterobacteria should be noted.
